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We show that the Li problems can be solved in the next-to-minimal supersymmetric standard
model where the slepton as the next-to-lightest SUSY particle is very long-lived. Such a long-lived
slepton induces exotic nuclear reactions in big-bang nucleosynthesis, and destroys and produces the
7Li and 6Li nuclei via bound state formation. We study cases where the lightest SUSY particle is
singlino-like neutralino and bino-like neutralino to present allowed regions in the parameter space
which is consistent with the observations on the dark matter and the Higgs mass.
I. INTRODUCTION
The Standard Model has had enormous successes in
describing the interactions of the elementary particles,
predicting almost every experimental results with accu-
racy. The recent discovery of the Higgs particle finally
crowned the accumulation of successes [1, 2]. On the
other hand, it left us a number of questions that sug-
gest the presence of a more fundamental theory behind.
Among such questions is the nature of dark matter; it
became a compelling question during this decade after
the precise observations of the universe reported their
results [3, 4]. The theory behind the Standard Model
ought to account for this question. Supersymmetric mod-
els have been attractive candidates for such theories. The
Minimal Supersymmetric Standard Model (MSSM) is the
simplest extension and most analyzed. The lightest su-
persymmetric particle should be neutral and stable, and
thus can be the dark matter. Other extensions are also
of interest, one of which is the Next-to-Minimal Super-
symmetric Standard Model (NMSSM). An extra singlet
chiral supermultiplet is introduced in the NMSSM, and
thereby account for the µ-problem [5] that complicates
the MSSM. In addition, the NMSSM better reconciles
with the observed Higgs mass of 125 GeV. The MSSM
predicts a Higgs mass lighter than that of the Z boson at
the tree level, and employs loop effects to raise it up to
the observed value. On the other hand, the Higgs mass in
the NMSSM has additional terms contributed from the
singlet, and it potentially offers a straightforward inter-
pretation of the observations.
A series of works by the present authors explored im-
pacts of the supersymmetry on the nucleosynthesis in the
early universe [6–11]. Focus in these works has been on
the case where the next-to-lightest supersymmetric par-
ticle (NLSP) is charged and long-lived so that it survives
until the time of nucleosynthesis after the big-bang. It
takes part in the nuclear reactions and alters the present-
day abundance of the light elements. Possible disagree-
ment indeed persists on the abundance of lithium com-
pared with the calculation based on the standard big-
bang nucleosynthesis (BBN) scenario. The standard cal-
culation predicts the ratio of abundance Log10(
7Li/H)
to be −9.35 ± 0.06 [10], while the observation indi-
cates −9.63 ± 0.06 [12]. Lithium 6 provides another
possible disagreement; its observed ratio of abundance
6Li/7Li = 0.046± 0.022 is about 102–103 larger than the
theoretical prediction [13]. These discrepancies can be
the trace of the interaction between nuclei and the NLSP
which is absent in the standard BBN scenario. Our sce-
nario can thereby account for the abundance of the dark
matter and of the lithium in a single framework. We an-
alyzed if this scenario works within the MSSM with staus
as the NLSP and neutralinos as the lightest supersym-
metric particle (LSP), and found the parameter region
that can account for these observational handles to the
new physics [6–10].
Now that the mass of Higgs particle is determined,
we are to examine whether it is compatible with our
scenario. Our previous work analyzed the constrained
minimal supersymmetric standard model [14]. There we
found allowed regions in the parameter space, and pre-
sented phenomenological predictions such as mass spec-
tra and branching ratios. In the present paper, we further
extend our scenario to the NMSSM with the flavor viola-
tion and search for its further applications. We demon-
strate that the NMSSM under our scenario can simul-
taneously account for the three phenomenological clues:
the abundance of dark matter, that of lithium, and Higgs
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2mass. We explore parameter space and discover parame-
ter points that qualify the requirements. Special interest
is in the case where the NMSSM singlet is the major com-
ponent of the neutralino LSP in expectation of the dif-
ference from the MSSM. The case of bino-like neutralino
is analyzed as well.
This paper is organized as follows. In Sec. II, we in-
troduce the NMSSM and define the model of our inter-
est. The BBN in the presence of a long-lived slepton
is also explained in this section. The exotic reactions
that are absent from the standard BBN are introduced.
Section III describes our strategy to find out the param-
eter point that are consistent with the three phenomeno-
logical clues. The results are presented in Sec. IV. We
show the three benchmark cases characterized by the
type of neutralino LSP. The first case considers singlino-
like neutralinos. The couplings of the singlet is small
and tanβ is large in this case. The second case also han-
dles singlino-like neutralinos, but the singlet couplings
are large and tanβ is small compared with the first case.
The third case deals with bino-like neutralinos. Singlet
couplings are set large and tanβ small as in the second
case. We show that each of these three cases allows
the phenomenological constraints. We spot benchmark
points in the parameter space and exhibit that they ac-
cord with the observations. The NMSSM parameters are
calculated to confirm the adequate Higgs mass, and the
BBN network calculation is carried out to check the relic
abundance of light elements and of the LSP dark matter.
The present work is summarized in Sec. V.
II. THE NMSSM AND THE EXOTIC BBN
We recapitulate the Higgs and neutralino sectors, and
explain exotic BBN processes with a long-lived slepton
in the NMSSM.
A. Higgs bosons
The NMSSM specific part of the superpotential and
the soft-breaking terms are
WNMSSM ⊃λSˆHˆd · Hˆu + 1
3
κSˆ3, (1)
−LNMSSMsoft ⊃m2S |S|2
+
(
λAλHd ·HuS + 1
3
κAκS
3 + h.c.
)
, (2)
where Z3 parity conservation is assumed. In Eq. (1),
Hˆd, Hˆu and Sˆ are the Higgs superfields and the singlet
superfield. The couplings λ and κ are dimensionless pa-
rameters. In Eq. (2),
Hd =
(
H0d
H−d
)
, Hu =
(
H+u
H0u
)
, S (3)
are two Higgs doublets and a singlet scalar. We denote
vacuum expectation values of their neutral components
by vd, vu, and s, respectively. The soft-breaking parame-
ters are mS , Aλ and Aκ. The free parameters in the Higgs
sector are λ, κ,Aλ, Aκ, tanβ(≡ vu/vd), and µeff(≡ λs).
The Higgs mass up to dominant 1-loop contribution is
m2h =m
2
Z cos
2 2β + λ2v2 sin2 2β − λ
2
κ2
v2(λ− κ sin 2β)2
+
3m2t
16pi2v2
{
log
(
m2s
m2t
)
+
X2t
m2s
(
1− X
2
t
12m2s
)}
, (4)
where mZ is Z boson mass, mt is the top mass, ms ≡√
mt˜1mt˜2 is geometric mean of stop masses, Xt = At −
µeff cotβ, and v =
√
v2d + v
2
u = 174 GeV. The second
and third tree terms are characteristic in the NMSSM,
and can lift up the Higgs mass. This is one of the at-
tractive features of the model. In contrast, significant
1-loop contribution (the last term in Eq. (4)) is required
to obtain the Higgs mass around 125 GeV in the MSSM
since the tree contribution is at most mZ . The 1-loop
contribution is maximized by the relation, Xt =
√
6ms,
with large stop mass scale. In the NMSSM we do not
need to rely on such conditions to obtain observed Higgs
mass.
B. Neutralinos
In the NMSSM the neutralinos are linear combina-
tions of bino B˜, wino W˜ , neutral higgsinos H˜0d and H˜
0
u,
and singlino S˜, the supersymmetric partner of the singlet
scalar:
χ˜0i = NiB˜B˜ +NiW˜ W˜ +NiH˜0d
H˜0d +NiH˜0u
H˜0u +NiS˜S˜,
(5)
where i runs from 1 to 5. The mass matrix of the neu-
tralinos is given by the following symmetric expression in
the basis (B˜, W˜ , H˜0d , H˜
0
u, S˜):
Mχ˜0 =

M1 0 −cβsWmZ sβsWmZ 0
M2 cβcWmZ −sβcWmZ 0
0 −µeff −µλsβ
0 −µλcβ
µκ
 ,
(6)
where M1 and M2 are masses of the gauginos, cβ =
cosβ, sβ = sinβ, cW = cos θW , sW = sin θW , µλ = λv,
and µκ = 2κs. Here θW is the Weinberg angle. We con-
sider the case where the LSP is the lightest neutralino,
χ˜01, and the NLSP is the lightest slepton, l˜.
As we will see later, the interaction among χ˜01, l˜, and a
lepton f is a key ingredient in this study. The interaction
Lagrangian is written as
−Lχ˜01-f-l˜ = l˜
∗χ˜01(GLfPL +GRfPR)f + h.c., (7)
3where
GLf =cf
[
g2√
2
cos θf (tan θWN1B˜ +N1W˜ )
− mfg2√
2mW cosβ
sin θfN1H˜0d
]
, (8)
GRf =cf
[√
2g2 sin θf tan θWN1B˜
+
mfg2√
2mW cosβ
cos θfN1H˜0d
]
. (9)
Here g2 is the gauge coupling constant of SU(2), mf is
the mass of the lepton f , and f = e, µ, and τ . The
slepton is expanded as a linear combination of the flavor
eigenstates:
l˜ =
∑
f=e,µ,τ
cf f˜ , f˜ = cos θf f˜L + sin θf f˜R, (10)
where f˜L and f˜R are the flavor eigenstates, and the coef-
ficients are normalized as c2e + c
2
µ + c
2
τ = 1. Hereafter we
assume that sin θe = sin θµ = sin θτ and no CP-violating
phase exists in the slepton sector.
We study two scenarios where the lightest neutralino
is singlino- and bino-like. The detailed expressions of χ˜01
and the couplings GLf and GRf are different between the
two cases. In the followings, we explicitly write down the
mixing of the lightest neutralino in each case up to the
second order in perturbation theory.
1. Singlino-like neutralino LSP
Up to the second order perturbative expansion, the
singlino-like neutralino is
χ˜0 =− mZµeffµλsW c2β
(µκ −M1)(µ2κ − µ2eff)
B˜
+
mZµeffµλcW c2β
(µκ −M2)(µ2κ − µ2eff)
W˜
+
µλ(µeffcβ − µκsβ)
µ2κ − µ2eff
H˜0d
+
µλ(µeffsβ − µκcβ)
µ2κ − µ2eff
H˜0u
+ S˜, (11)
where c2β = cos 2β, and the normalization factor is omit-
ted. If the neutralino Eq. (11) is the LSP, the mixings
N1B˜ , N1W˜ and N1H˜0d
in Eqs. (8) and (9) can be read off
by comparing Eqs. (5) and (11). The free parameters in
GLf and GRf are M1,M2, λ, κ, tanβ, cf , and θf .
2. Bino-like neutralino LSP
Up to the second order perturbative expansion, the
bino-like neutralino is
χ˜0 =B˜
− m
2
ZsW cW (M1 + µeffs2β)
(M1 −M2)(M21 − µ2eff)
W˜
− mZsW (M1cβ + µeffsβ)
M21 − µ2eff
H˜0d
+
mZsW (M1sβ + µeffcβ)
M21 − µ2eff
H˜0u
− mZµeffµλsW c2β
(M1 − µκ)(M21 − µ2eff)
S˜, (12)
where s2β = sin 2β, and the normalization factor is omit-
ted. If the neutralino Eq. (12) is the LSP, the mixings
N1B˜ , N1W˜ and N1H˜0d
in Eqs. (8) and (9) can be read off
by comparing Eqs. (5) and (12). The free parameters in
GLf and GRf are M1,M2, λ, tanβ, µeff , cf , and θf . The
couplings do not depend on κ.
C. BBN with a long-lived slepton
We explain exotic BBN processes caused by a long-
lived slepton. Then we explain the difference of the
couplings GLf and GRf between the NMSSM and the
MSSM.
1. A long-lived slepton
The relic density of dark mater is well described by
the coannihilation mechanism [15]. It requires the small
mass difference δm between the neutralino LSP and the
slepton NLSP. The two-body decay l˜ → χ˜01 + τ is kine-
matically forbidden when δm < mτ . Let us first consider
the case where ce = cµ = 0 and cτ = 1. In this case, the
flavor is conserved and the slepton is stau. The only al-
lowed decay channel is three- and four-body decay. These
decay rates are suppressed due to the small phase space
and the small couplings, and hence the sleptons become
long-lived. Then it survives until the BBN era to form
bound states with nuclei. Such long-lived slepton can ac-
count for the discrepancy of the lithium by exotic nuclear
reactions with the bound state [6–11] (see also [16]).
This situation radically changes when ce and/or cµ are
nonzero as the flavor violating two-body decay channels
l˜→ χ˜01 + f, f 3 e, µ (13)
open up. These channels do not suffer from the phase-
space suppressions and the coupling suppressions, and
thus may make the slepton lifetime much shorter. We
note that the lifetime is proportional to (GLf + GRf )
−2
where f = µ and e.
42. Exotic BBN reactions
There are three types of exotic BBN reactions with the
long-lived slepton.
First one is the internal conversion processes [7, 17],
(7Be l˜−)→ 7Li + χ˜01 + νl, (14a)
(7Li l˜−)→ 7He + χ˜01 + νl, (14b)
where, (X l˜−) represents bound state of a nucleus X
and the slepton. Notice that not only 7Li but also 7Be
must be converted since 7Be produces 7Li by the electron
capture in late universe.
The second one is the catalyzed fusion process [18–20],
(4He l˜−) + D→ 6Li + l˜−, (15)
where D represents deuteron.
The last one is the 4He spallation processes [10]:
(4He l˜−)→ χ˜01 + νl + T + n, (16a)
(4He l˜−)→ χ˜01 + νl + D + 2n, (16b)
(4He l˜−)→ χ˜01 + νl + p+ 3n, (16c)
where triton (T), deuteron, proton (p), and neutron (n)
are produced from 4He.
The timescale to form bound state (7Be l˜−) is
O(103) s [8]. This timescale is important because the pri-
mordial 7Li exists as beryllium-7 in the BBN era. The
internal conversion processes (14) proceed much faster
and thus 7Be is very efficiently destroyed. We note that
7Li from (14a) is also destroyed by background protons.
Thus if the slepton lifetime is longer than 103 s, we can
obtain observed abundance of 7Li through the internal
conversion processes. We can control the timescales of
the internal conversion processes (14) by changing free
parameters in GLτ , GRτ , and δm.
The timescale to form bound state (4He l˜−) is
O(104) s [8]. The abundance of 6Li has sever upper
bound, 6Li/7Li = 0.046 ± 0.022 [13]. The abundance
through the catalyzed fusion process (15) strongly de-
pends on the slepton lifetime. Therefore, since the pro-
cess can overproduce 6Li, it gives an upper bound of the
slepton lifetime. On the other hand, it is argued that
tiny primordial abundance of 6Li exists. This is called
the 6Li problem [13]. We can solve this problem by pro-
ducing tiny amount of 6Li through the catalyzed fusion
process (15). In the situation, the slepton lifetime has
to be tuned so that sufficient amount of 6Li is produced.
Therefore, the catalyzed fusion process (15) can also give
lower bound of the slepton lifetime. The amount of 6Li
can be controlled by changing free parameters in GLf
and GRf through the slepton lifetime since the timescale
of the catalyzed fusion process (15) depends on neither
GLf nor GRf where f = τ, µ, and e.
The standard BBN can predict observed abundances of
3He and D. Therefore, the 4He spallation processes (16)
should not be efficient, which gives upper bound on their
timescales and the slepton lifetime. We can also control
these timescales by changing the parameters in GLτ , and
GRτ so that the overproduction of T (
3He in later time)
and D does not occur.
3. Difference between the NMSSM and the MSSM
In the limit of λ, κ → 0 fixing µeff , the NMSSM with
bino-like LSP is reduced to the MSSM as long as we con-
sider the exotic BBN processes [9–11]. In the singlino-like
LSP scenario, the couplings GLf and GRf are in general
smaller than those in the MSSM, and hence the slepton
lifetime tends to be much longer than that in the MSSM.
The couplings GLτ and GRτ need to be large so that
the timescales of the internal conversion processes (14)
are sufficiently short to solve the 7Li problem. In such
situation, however, the timescales of the 4He spallation
processes (16) are also short, and thus 3He and D can be
overproduced. We have to adjust the slepton lifetime to
avoid the overproduction taking the flavor mixings of the
slepton into account.
Taking these facts into account, we will search for pa-
rameter sets which can solve the lithium problems along
the strategy that we show in the next section.
III. STRATEGY
We acquire parameter sets giving observed light ele-
ment abundances, the Higgs mass, and dark matter relic
density according to the following strategy.
A. Search for candidate region on λ-κ plane
We narrow the parameter space on λ-κ plane requir-
ing that the slepton lifetime, τl˜, and the timescale of
the internal conversion processes, τIC, are in range where
the lithium problems can be solved. Then the param-
eter region on λ-κ plane can be constrained since the
lifetime and the timescale depends on the couplings GLf
and GRf . We require the following conditions to be sat-
isfied when δm is around 0.1 GeV which is favored in our
scenario [7–11].
The requirement for the slepton lifetime is
103 s <τl˜ < 10
5 s. (17)
As we mentioned in Sec. II C 2, the slepton lifetime
must be at least longer than the timescale of bound-
state formation for the internal conversion processes (14),
O(103) s, in order to obtain observed 7Li abundance.
The upper bound 105 s comes from the requirement that
the slepton has sufficient longevity to produce sufficient
amount of 6Li avoiding the overproduction through the
catalyzed fusion process (15).
5We require the timescale of the internal conversion pro-
cesses to be much shorter than the slepton lifetime so that
the internal conversion (14) works sufficiently and then
solve the 7Li problem,
τIC < 0.1τl˜. (18)
Since the parameter dependence on the timescale is dif-
ferent from that of the slepton lifetime, we introduce
the requirement Eq. (18) independently from the require-
ment of the lifetime Eq. (17).
In addition, we require that the fraction of singlino in
the neutralino LSP is larger than 90%,
N2
1S˜
> 0.9, (19)
for the singlino-like LSP scenario and the fraction of bino
in the neutralino LSP is larger than 90%,
N2
1B˜
> 0.9, (20)
for the bino-like LSP scenario.
B. Selection of parameter sets
We impose constraints from the recent results of ob-
servational relic density of dark matter and experimental
value of the Higgs mass in addition to those in Sec. III A.
We use NMSSMTools 4.1.1 [21–25]. to calculate dark
matter relic density and the Higgs mass. 1 Then we se-
lect several parameter sets from the region we obtained
in the previous step.
The latest result for observed abundance of dark mat-
ter is reported by the Planck Collaboration
0.1118 ≤ ΩDMh2 ≤ 0.1280 (21)
at the 3σ level [4], and we apply this result as a con-
straint. In the calculation, we use MicrOMEGAs [27]
included in NMSSMTools.
The latest experimental value of the Higgs mass is
mh = 125.7± 0.3(stat.)± 0.3(syst.) GeV (22)
by the CMS Collaboration [28], and
mh = 125.5± 0.2(stat.)+0.5−0.6(syst.) GeV (23)
by the ATLAS Collaboration [29], respectively. There are
several public codes for calculation of the Higgs mass, and
it is known that uncertainty about ±3 GeV exists among
their calculations [30–34]. Then we take the uncertainty
into account in this study and require that
mh = 125.6± 3.0 GeV. (24)
1 In the neutralino sector, NMSSMTools includes 1-loop radiative
corrections for M1,M2, and µeff when it numerically diagonalize
the mass matrix of the neutralino Eq. (6). On the other hand,
we do not include the loop contributions in calculations of the
neutralino masses and mixings for simplicity since the loop effects
are negligible in our discussion.
C. Constraints from BBN
We perform reaction network calculations for light el-
ements including the exotic nuclear-reactions with the
bound-state effects. The baryon to photon ratio is taken
to be η = (6.04 ± 0.08) × 10−10 [4]. Then we obtain al-
lowed regions in the parameter space as a function of δm
to fit observational light element abundances.
We adopt following observational bounds on light el-
ement abundances: the lithium 7 to hydrogen ratio
Log10(
7Li/H) = −9.63 ± 0.06 [12], the lithium 6 to
lithium 7 ratio 6Li/7Li = 0.046 ± 0.022 [13], the deu-
terium to hydrogen ratio D/H = (2.80±0.20)×10−5 [35],
and the helium 3 to deuterium ratio 3He/D < 0.87 +
0.27 [36]. It is notable that our scenario does not change
the abundance of 4He significantly.
For the moment, in order to obtain milder bounds as
conservatively as possible we do not adopt newer obser-
vational bounds on the abundance of deuterium such as
D/H = (2.54± 0.05)× 10−5 and D/H = (2.53± 0.04)×
10−5. They were quite-recently reported by Pettini and
Cooke 2012 [37] and Cooke et al 2013 [38], respectively.
About such small errors, we need third-party verifications
as soon as possible.
IV. RESULTS
Now we show the results following the strategy shown
in the previous section. The neutralino LSP is either
singlino- or bino-like. We have two types of phenomeno-
logically favored parameter spaces in each case: one is
the region where λ and κ are relatively small, and tanβ
is large; the other is the region where λ and κ are rela-
tively large, and tanβ is small. Therefore, we have four
cases. However, we do not consider the case where the
neutralino LSP is bino-like, λ and κ are relatively small,
and tanβ is large. In the limit of λ, κ → 0 with fixed
µeff , the NMSSM is reduced to the MSSM, so the results
are same as that in the MSSM [9–11]. We consider the
other three cases in the followings.
First we consider the case where the neutralino LSP is
singlino-like, λ and κ are relatively small (κ . λ  1),
and tanβ is large (& 30) [23]. We take four points of
parameter sets and denote them by SS-1, SS-2, SS-3, and
SS-4, respectively. Here “SS” stands for the “S”inglino-
like neutralino LSP and “S”mall couplings region.
Next we consider the case where the neutralino LSP is
singlino-like, λ and κ are relatively large (0.5 . λ . 0.7
and at most same order value of κ . λ) and tanβ is
small (∼ 2). Large λ with small tanβ leads to large
tree contributions to the Higgs mass (the second and the
third terms in Eq. (4)) while it is small in the region in
the first case. Actually, λ has its maximal value ∼ 0.7
though it depends on κ (see for example Table 1 in [26]).
This comes from the requirement to avoid the Landau
pole up to the GUT scale. The value of κ should not
be much smaller than λ in order to obtain large tree
6contributions to the Higgs mass; in this case the negative
contribution (the third term in Eq. (4)) do not become
significant. Therefore, we investigate the range from at
least 0.5 to 0.7 for λ, and the same order of magnitude
but relatively small range of κ. We take tanβ ∼ 2 since
the tree contributions in Eq. (4) are maximized around
the value with large λ. We take four points of parameter
sets and denote them by SL-1, SL-2, SL-3, and SL-4,
respectively. Here “SL” stands for the “S”inglino-like
neutralino LSP and “L”arge couplings region.
In the third case we consider the bino-like neutralino
LSP and search the same region on λ-κ plane as in the
second case [23, 26]. In the NMSSM the tree contribu-
tions to the Higgs mass are large, which is different from
those in the MSSM where well tuned 1-loop contribution
is required. We take four points of parameter sets and de-
note them by BL-1, BL-2, BL-3, and BL-4, respectively.
Here “BL” stands for the “B”ino-like neutralino LSP and
“L”arge couplings region.
In the following results, we fix the parameters asmχ˜01 =
350 GeV, and sin θf = 0.8 for f = e, µ, and τ .
A. Singlino-like neutralino LSP; small λ-κ region
with large tanβ
1. Benchmark points
Figure 1 shows the region on λ-κ plane with large tanβ
where the requirements, Eqs. (17)-(19), are satisfied. The
left and right panels show the results for ce = 2×10−9 and
10−9, respectively. We discuss only the case for tanβ =
30 in each panel since we obtain almost same results for
tanβ > 30. The mass of the lightest neutralino, mχ˜01 '
µκ , is almost equal to that of the next-to-lightest one,
mχ˜02 ' µeff , on the dotted line. Above the dotted line,
the singlino-like neutralino is no longer the lightest one.
We can see that larger λ and smaller κ are allowed by
larger ce with fixed tanβ. This is explained by the re-
quirement Eq. (17) and the dependence of the couplings,
Eqs. (8) and (9), on λ and κ. These couplings become
large as κ increase, and/or λ decreases. The slepton life-
time becomes short as the couplings and/or ce increase.
Therefore, larger ce gives shorter slepton lifetime and al-
lows the region with larger λ and smaller κ.
To check which requirements determine the favored re-
gion in Fig. 1, we draw Fig. 2 to show the distribution
of the quantities which are relevant to the requirements,
Eqs. (17)-(19). The parameters used are ce = 2 × 10−9,
mχ˜01 = 350 GeV, δm = 0.1 GeV, sin θf = 0.8, tanβ =
30,M1 = 500 GeV, and M2 = 1000 GeV. From the re-
sult we can see the favored region is determined by the
requirement for the slepton lifetime of Eq. (17).
We take four reference points in the favored region for
tanβ = 30 (red region in Fig. 1) as shown in Table I. Ta-
ble II shows the spectra and observables at these points.
We omit small flavor mixing of the slepton in this calcu-
lation, and thus SS-1 and SS-2 give same results. All the
dimensionful values are shown in GeV. The top rows show
input parameters. We assume the relations for gaugino
masses
M1 = M2/2,M3 = 3M2, (25)
similar to the GUT relation, and, for simplicity, universal
input soft-masses for each squark and slepton,
mQ˜1,2 = mQ˜3 = mU˜1,2 = mU˜3 = mD˜1,2 = mD˜3 ,
mL˜1,2 = mL˜3 , mE˜1,2 = mE˜3 . (26)
The middle rows show output spectra. Every points give
the observed Higgs mass Eq.(24). At these points, mh
receives significant contribution from the 1-loop correc-
tion (the fourth term in Eq. (4)) by the maximal mixing
and large stop masses because the tree contributions (the
second and third terms in Eq. (4)) are small.
In the bottom rows, we show relic density of the light-
est neutralino, spin-independent cross section between
the lightest neutralino and nucleon, the SUSY contribu-
tion to the muon anomalous magnetic moment, and the
branching ratios of rare decays Bs → µ+µ− and b→ sγ,
from top to bottom. At each point, the dark matter relic
density is in range of the measured value [4]. The spin-
independent cross section at each point is about four or-
ders of magnitude smaller than the present experimental
bound [45]. The latest experimental result for the SUSY
contribution to the anomalous magnetic moment is,
δaµ = a
exp
µ − aSMµ = (26.1± 8.0)× 10−10, (27)
where aµ ≡ (g−2)µ/2 [39–41]. For the branching ratio of
Bs → µ+µ−, the CMS Collaboration recently reported
in Ref. [42] as
BR(Bs → µ+µ−) = 3.0+1.0−0.9 × 10−9 (28)
and also the LHCb Collaboration reported in Ref. [43] as
BR(Bs → µ+µ−) = 2.9+1.1−1.0(stat.)+0.3−0.1(syst.)× 10−9.
(29)
The branching ratio of B → Xsγ [44] is given by
BR(B → Xsγ) = (3.43± 0.21± 0.07)× 10−4. (30)
At each point, δaµ and BR(Bs → µ+µ−) are in the
ranges of 2σ and 1σ. The branching ratio of b → sγ
is in the 2σ range at SS-3 and SS-4.
2. BBN results at the benchmark points
The left panels in Fig. 3 show the slepton lifetime
τl˜ (red-solid line; “slepton lifetime”), the timescales
of the internal conversion processes (14a) (blue-
solid line; “7Be→7Li”), (14b) (blue-dash-dotted line;
“7Li→7He”), the 4He spallation processes (16a) (brown-
solid line; “tn”), (16b) (brown-dashed line; “dnn”), and
7(16c) (brown-dash-dotted line; “pnnn”), as a function
of the mass difference between the slepton and the neu-
tralino at SS-1, SS-2, SS-3, and SS-4 from top to bottom,
respectively. The horizontal black-dashed line represents
the timescale of the catalyzed fusion process (15) [19] at
the temperature T = 5 keV (5× 104 s) when (4He l˜−) is
formed.
We show the allowed regions in the right panels of
Fig. 3 which we obtain by comparing theoretical values
to observational ones for light element abundances at SS-
1, SS-2, SS-3, and SS-4 from top to bottom, respectively.
Horizontal axis is the mass difference between the slep-
ton NLSP and the neutralino LSP, and vertical axis is the
yield value of the slepton at the beginning of the BBN,
Yl˜− = nl˜−/s, where nl˜− is the number density of the slep-
ton and s is the entropy density. The regions surrounded
by magenta-dotted(-solid) lines are allowed by observed
7Li/H abundance at 2σ(3σ). The regions between the
blue-solid line and the blue region are allowed by ob-
served 6Li/7Li abundance at 2σ. The orange-solid lines
(“Theoretical”) represent the yield value of the slepton
calculated with the parameters in Table. II. The colored
regions are excluded for 6Li/7Li (blue region; “6Li/7Li
excluded”), 3He/D (red region; “3He/D excluded”), and
D/H (cyan region; “D/H excluded”), respectively. The
shaded and dotted regions are allowed by only 7Li/H (3σ)
and both 7Li/H (3σ) and 6Li/7Li (2σ), respectively, since
Yl˜− can be reduced by changing cµ and θf . At each point,
we obtain allowed region from 7Li/H (3σ) and 6Li/7Li
(2σ) simultaneously.
We see in the right panels of Fig. 3 that the allowed re-
gion from 7Li/H on the curve of the slepton yield value is
in the range of δm ∼ (0.04, 0.07), (0.07, 0.1), (0.07, 0.1),
and 0.1 GeV at the points SS-1, SS-2, SS-3, and SS-4
respectively. We note that the catalyzed fusion process
affects the abundance of the 6Li in these allowed regions
even if the timescale of the reaction is much longer than
the slepton lifetime and the timescales of the 4He spal-
lation processes. This is because the yield value of the
slepton is much larger than observed abundance of the
6Li. We roughly calculate a yield value of the 6Li through
the catalyzed fusion as follows;
∆Y6Li = Yl˜−e
−τB.F./τl˜ ΓC.F.
ΓSp. + Γl˜ + ΓC.F.
, (31)
where ∆Y6Li is the yield value of the
6Li, τB.F. is a
timescale of (4He l˜−) formation, Γl˜ is a decay rate of
the slepton, ΓSp. and ΓC.F. are a reaction rate of the
4He
spallation processes and the catalyzed fusion process, re-
spectively. In Eq (31), Yl˜−e
−τB.F./τl˜ represents a yield
value of the bound state, and the factor at the last of the
right hand side is the branching ratio of the bound state
to the catalyzed fusion reaction. Here we consider the
predicted value of the 6Li along with the slepton yield
value which we calculate with the parameters shown in
Table II. We put the constraint from the observed value
on the calculated value as follows;
Y6Li,Ob.
Yl˜−
' 10−8 >∼ e−τB.F./τl˜
ΓC.F.
ΓSp. + Γl˜ + ΓC.F.
, (32)
where we choose the yield value as Yl˜ ' 10−13 and
Y6Li,Ob. ' O(10−21) which is the observed yield value
of 6Li [13]. We take the timescale of the bound state
formation τB.F. ' 5 × 104 s (see the Fig. 1 of Ref. [8]),
and ΓC.F. ' O(10−10) s−1. We see that τl˜ ' 104 s and
ΓSp. ' 10−5 s−1 in the allowed region at the left panels
of Fig. 3. We confirm that the calculated yield value of
6Li is consistent with that of the observational value at
the allowed region.
We also see that the allowed range of the mass differ-
ence is different in each point. This difference can be
explained as follows. The selectron mixing is smaller at
SS-2 than at SS-1. The smaller mixing results in smaller
coupling GL,Re and hence longer slepton lifetimes than
that at SS-1 shown in the left panels in Fig. 3. The longer
the lifetime is, the more the exotic BBN reactions occur
because a larger number of the sleptons remains until
they form bound state with 7Be. More 7Be are destroyed
by the internal conversion processes at SS-2 than at SS-1.
In such a situation, the yield value of the slepton required
by observed 7Li abundance can be smaller for the same
δm. In fact, comparing the right panels of Fig. 3 of SS-1
and SS-2, we see that the 2 and 3 σ lines of 7Li/H allows
lower yield values and larger δm at SS-2. This result also
can be understood in terms of the slepton lifetime. The
lifetime must be adjusted to a certain range to solve the
Li problems. As mentioned in Sec. II C 1, the lifetime is
determined by both GL,Re and δm. For a fixed lifetime
that can explain the observed 7Li abundance, δm is larger
when GL,Re is smaller. As a result, the allowed region
extends to larger δm at SS-2 than at SS-1. For a longer
slepton lifetime, on the other hand, more 3He and D are
produced by the 4He spallation processes, and more 6Li
is produced by the catalyzed fusion process. Thus, the
excluded regions due to the 4He spallation processes (red
and cyan regions) and the catalyzed fusion process (blue
region) are large compared to those at SS-1.
At the point SS-3, λ is taken slightly larger than the
one at SS-1 while ce and κ are taken the same. We see
that the allowed region is in the range of δm ∼ (0.07, 0.1)
GeV and is larger than that at SS-1. It is because the life-
time is longer than that at SS-1. However, the reason to
make the lifetime longer is different from the case of SS-2.
At SS-3, larger λ gives longer slepton lifetime (see top-
left panel of Fig. 1), because GL,Re become smaller than
those at SS-1 as shown in Table II, due to the small mix-
ing weights N1’s in the lightest neutralino. In Eq. (11),
the mixing weights are inversely proportional to µ2κ−µ2eff .
In the singlino-like LSP case, µκ and µeff , hence κ and
λ, must be tuned so that GL,R are enough large. In fact,
κ and λ are tuned well at SS-1. Taking λ larger than
that at SS-1 even by a few %, GL,Re become smaller and
hence the lifetime becomes longer. At the same time,
GL,Rτ become smaller. It is still enough large to reduce
87Be by the internal conversion processes but is small for
the 4He spallation processes. Thus, the excluded regions
by 3He and D are narrower than those at SS-2.
At SS-4, κ is taken smaller by 1 % than the one at SS-1
while the other parameters are taken the same. Again,
due to the smaller κ, the lifetime of the slepton is longer
than at SS-1, and indeed is the longest among the four
parameters (see the left panels in Fig. 3). Then 3He and
D are too much produced even for smaller slepton yield
values so that the excluded region due to D/H narrows
the allowed region. Furthermore, the timescales of the
internal conversion processes (14) are longer than those
at the other points. Thus more slepton yield value is
necessary to obtain the observed abundance of 7Li, and
hence the allowed region at SS-4 is narrower.
In the end, it is important to notice that in the singlino-
like LSP case, κ and λ must be well tuned to obtain fast
internal conversion processes. As we have shown, only a
few % of difference in the parameters drastically change
the results. Our scenario is thus very predictable this
tuning.
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FIG. 1: Favored region (red region; “tanβ = 30”) in terms of requirements Eqs. (17)-(19) in λ-κ plane. Parameters are taken
as tanβ = 30 and ce = 2 × 10−9(left panel) and ce = 10−9(right panel). Other parameters are fixed as mχ˜01 = 350 GeV,
δm = 0.1 GeV, sin θf = 0.8, M1 = 500 GeV, and M2 = 1000 GeV. The singlino-like neutralino is no longer the lightest one
above the dotted line.
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FIG. 2: The distribution of the quantities relevant to the requirements, Eqs. (17)-(19), in the favored region from ce = 2×10−9
and tanβ = 30. The color bar in each panel shows τl˜ (top-left), 0.1τl˜/τIC for (
7Be l˜−) → 7Li + χ˜01 + νl (top-right), 0.1τl˜/τIC
for (7Li l˜−)→ 7He + χ˜01 + νl (bottom-left), and N21S˜ (bottom-right).
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TABLE I: Benchmark points in the favored region of Fig. 1.
Parameters SS-1 SS-2 SS-3 SS-4
ce 2× 10−9 10−9 2× 10−9 2× 10−9
λ 0.0042 0.0042 0.00425 0.0042
κ 0.002 0.002 0.002 0.00195
TABLE II: Spectra and observables at each point (see Tab. I). All the dimensionful values are shown in GeV. The top rows
show input parameters. SS-1 and SS-2 give common results since we omit small flavor mixing of the slepton. The middle rows
show output spectra. The bottom rows show relic density of the lightest neutralino, spin-independent cross section between the
lightest neutralino and nucleon, the SUSY contribution to the muon anomalous magnetic moment, and the branching ratios of
rare decays Bs → µ+µ− and b→ sγ, and couplings Eqs. (8) and (9) from top to bottom.
Input SS-1, SS-2 SS-3 SS-4
M2 1000.0 1000.0 1000.0
At −3000.0 −4800.0 −7500.0
mL˜3 391.30 397.06 405.43
mE˜3 372.99 376.34 381.29
mQ˜3 1500.0 2000.0 3000.0
λ 0.0042 0.00425 0.0042
κ 0.0020 0.0020 0.00195
Aλ 1000.0 1300.0 1000.00
Aκ −100.00 −100.00 −100.00
µeff 359.82 363.07 366.76
tanβ 30.000 30.000 30.000
Output
h01 123.89 126.16 127.30
h02 316.70 317.05 314.58
h03 3513.4 3939.4 3499.3
a01 226.72 226.40 226.02
a02 3513.4 3939.4 3499.3
H± 3514.2 3940.1 3500.0
t˜1 1367.9 1897.7 2925.2
t˜2 1650.6 2235.9 3271.5
τ˜1 350.10 350.10 350.10
τ˜2 416.67 425.01 437.11
χ˜01 350.00 350.00 350.00
χ˜02 355.27 359.35 364.03
χ˜03 370.74 375.08 380.10
χ˜04 498.84 498.04 496.76
χ˜05 1021.1 1027.8 1035.7
Ωχ˜01
h2 0.11236 0.12656 0.12490
σSI[cm
2] 9.4085× 10−49 1.4012× 10−49 3.8721× 10−50
δaµ 1.1967× 10−9(2σ) 1.2656× 10−9(2σ) 1.2347× 10−9(2σ)
Br(B0s → µ+µ−) 3.3924× 10−9(1σ) 3.4349× 10−9(1σ) 3.4442× 10−9(1σ)
Br(b→ sγ) 2.5984× 10−4(> 3σ) 2.8109× 10−4(2σ) 3.0311× 10−4(2σ)
GLτ/cτ −0.014882 −0.0084607 −0.0055185
GRτ/cτ 0.019332 0.011050 0.0072524
GLe/ce 0.00066840 0.00038490 0.00025476
GRe/ce 0.0076689 0.0044158 0.0029225
11
Ti
m
es
ca
le
s [
s]
slepton lifetime
pnnn
dnntn
7Be→7Li
7Li→ 7He
catalyzed fusion (T=5keV)
 0.01  0.1
10-2
1
102
104
106
108
1010
1012
SS-1
6Li/7Li
allowed
7Li/H
allowed 2σ
3σ
10-11
10-12
10-13
10-14
10-15
10-16
 0.01  0.1
 0.01  0.1
Slepton Y
ield V
alue  Y
l - ~
SS-1
Theoretical
Ti
m
es
ca
le
s [
s]
Slepton-Neutralino Mass Difference  δm [GeV]
slepton lifetime
pnnn
dnntn
7Be→7Li
7Li→ 7He
catalyzed fusion (T=5keV)
 0.01  0.1
10-2
1
102
104
106
108
1010
1012
SS-2
D/H
excluded
3He/D
excluded
6Li/7Li
allowed
6Li/7Li
excluded
7Li/H
allowed 2σ
3σ
10-11
10-12
10-13
10-14
10-15
10-16
 0.01  0.1
Slepton Y
ield V
alue  Y
l - ~
Slepton-Neutralino Mass Difference  δm [GeV]
SS-2
Theoretical
FIG. 3: The left panels show the slepton lifetime τl˜ (red-solid line; “slepton lifetime”), the timescales of the internal con-
version processes (14a) (blue-solid line; “7Be→7Li”), (14b) (blue-dash-dotted line; “7Li→7He”), the 4He spallation processes
(16a) (brown-solid line; “tn”), (16b) (brown-dashed line; “dnn”), and (16c) (brown-dash-dotted line; “pnnn”), as a function
of the mass difference between the slepton and the neutralino at SS-1 (top panel) and SS-2 (bottom panel). We also show
the timescale of the catalyzed fusion (15) at the temperature T = 5 keV (5 × 104 s) when (4He l˜−) is formed as horizontal
black-dashed line. In shaded regions Eq. (17) is not satisfied. The right panels show the allowed regions from observational
light element abundances on δm-Yl˜− plane at SS-1 (top panel) and SS-2 (bottom panel). The regions surrounded by magenta-
dotted(-solid) lines are allowed by observed 7Li/H abundance at 2σ(3σ). The regions between the blue-solid line and the blue
region are allowed by observed 6Li/7Li abundance at 2σ. The orange-solid lines (“Theoretical”) represent the yield value of
the slepton at the begging of the BBN as a function of the mass difference. The colored regions are excluded for 6Li/7Li (blue
region; “6Li/7Li excluded”), 3He/D (red region; “3He/D excluded”), and D/H (cyan region; “D/H excluded”), respectively.
The shaded and dotted regions are allowed by only 7Li/H (3σ) and both 7Li/H (3σ) and 6Li/7Li (2σ), respectively.
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B. Singlino-like neutralino LSP; large λ-κ region
with small tanβ
1. Benchmark points
Figure 4 shows the favored region on λ-κ plane with
small tanβ where the requirements, Eqs. (17)-(19), are
satisfied. The left and right panels show the results for
ce = 5 × 10−10 and 2 × 10−10, respectively. The red
and hatched regions are allowed by tanβ = 2 and 2.5,
respectively.
To check which requirements determine the favored re-
gion in Fig. 4, we draw Fig. 5 to show the distribution
of the quantities which are relevant to Eqs. (17)-(19).
The parameters are ce = 5 × 10−10,mχ˜01 = 350 GeV,
δm = 0.1 GeV, sin θf = 0.8, tanβ = 2,M1 = 500 GeV,
and M2 = 1000 GeV. From the result we see the favored
region is determined by the requirement for the slepton
lifetime Eq. (17).
We take four reference points in the favored region for
tanβ = 2 (red regions in Fig. 4) as shown in Table III. Ta-
ble IV shows the spectra and observables at these points.
We omit small flavor mixing of the slepton in the calcu-
lation, and show the dimensionful values in GeV. Every
points give the observed Higgs mass. In this case where λ
and κ are large and tanβ is small, the tree contributions
in Eq. (4) (the second and the third terms) are signifi-
cant, and 1-loop contribution (the forth term) is not so
large.
In the bottom rows, we show relic density of the light-
est neutralino, spin-independent cross section between
the lightest neutralino and nucleon, the SUSY contribu-
tion to the muon anomalous magnetic moment, and the
branching ratios of rare decays Bs → µ+µ− and b→ sγ,
from top to bottom. At each point, the dark matter relic
density is in range of the measured value [4]. The spin-
independent cross section at each point is much larger
than those at the points in the previous section and just
below the present experimental bound. The calculated
values of δaµ at the points are out of 3σ range, since
tanβ is relatively small in this case. For the branching
ratio of Bs → µ+µ− and b→ sγ, we obtained the values
within 1σ and 2σ, respectively.
2. BBN results at the benchmark points
The left panels in Fig. 6 show the slepton lifetime
τl˜ (red-solid line; “slepton lifetime”), the timescales
of the internal conversion processes (14a) (blue-
solid line; “7Be→7Li”), (14b) (blue-dash-dotted line;
“7Li→7He”), the 4He spallation processes (16a) (brown-
solid line; “tn”), (16b) (brown-dashed line; “dnn”), and
(16c) (brown-dash-dotted line; “pnnn”), as a function
of the mass difference between the slepton and the neu-
tralino at SL-1, SL-2, SL-3, and SL-4 from top to bottom,
respectively. The horizontal black-dashed line represents
the timescale of the catalyzed fusion process (15) [19] at
the temperature T = 5 keV (5 × 104 s) when (4He l˜−)
is formed. In the right panels horizontal axis is the mass
difference between the slepton NLSP and the neutralino
LSP, and vertical axis is the yield value of the slepton at
the beginning of the BBN.
We show the allowed regions in the right panels of
Fig. 6 which we obtain by comparing theoretical values to
observational ones for light element abundances at SL-1,
SL-2, SL-3, and SL-4 from top to bottom, respectively.
The lines and regions are the same as in Fig. 3. Ac-
cordingly we obtain allowed region from 7Li/H (3σ) and
6Li/7Li (2σ) simultaneously at each point.
We can get large GL,R without tuning at the SL points
in contrast to SS case, since λ and κ are large enough.
Therefore, the couplings GL,R are almost same as each
other at the points SL-3 and SL-4 though λ is larger
at SL-3 and κ is smaller at SL-4 than those at SL-1,
respectively. Furthermore ce is same at each point and
the slepton lifetime is almost same. Thus we get similar
result at these points.
On the contrary, at SL-2 the selectron mixing is small
compared with that of SL-1, and hence the slepton life-
time is longer than the other points. This result in more
spallation processes and make the allowed region nar-
rower.
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FIG. 4: Favored region in terms of requirements Eqs. (17)-(19) in λ-κ plane. We took tanβ = 2 and 2.5 and ce = 5× 10−10 in
left panel (ce = 2× 10−10 in right panel). Fixed parameters are mχ˜01 = 350 GeV, δm = 0.1 GeV, sin θf = 0.8, M1 = 500 GeV,
and M2 = 1000 GeV. Red and shaded regions are the favored region from tanβ = 2 and 2.5, respectively. The singlino-like
neutralino is no longer the lightest one above the dotted line.
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TABLE III: Benchmark points in the favored region of Fig. 4 for tanβ = 2.
Parameters SL-1 SL-2 SL-3 SL-4
ce 5× 10−10 2× 10−10 5× 10−10 5× 10−10
λ 0.68 0.68 0.695 0.68
κ 0.22 0.22 0.22 0.215
TABLE IV: Spectra and observables at each point (see Tab. III). All the dimensionful values are shown in GeV. The top rows
show input parameters. SL-1 and SL-2 give common results since we omit small flavor mixing of the slepton. The middle rows
show output spectra. The bottom rows show relic density of the lightest neutralino, spin-independent cross section between the
lightest neutralino and nucleon, the SUSY contribution to the muon anomalous magnetic moment, and the branching ratios of
rare decays Bs → µ+µ− and b→ sγ, and couplings Eqs. (8) and (9) from top to bottom.
Input SL-1, SL-2 SL-3 SL-4
M2 1000.0 1000.0 1000.0
At −1500.0 −1800.0 −2800.0
mL˜3 356.86 357.93 361.23
mE˜3 353.36 353.96 355.84
mQ˜3 1000.0 1000.0 1000.0
λ 0.6800 0.6950 0.6800
κ 0.2200 0.2200 0.2150
Aλ 1120.0 1180.0 1100.0
Aκ −10.000 −10.000 −10.000
µeff 527.17 537.90 538.91
tanβ 2.0000 2.0000 2.0000
Output
h01 127.13 126.66 124.36
h02 370.96 354.77 369.96
h03 1303.6 1348.4 1313.9
a01 152.72 262.92 150.73
a02 1303.8 1348.8 1313.8
H± 1295.0 1339.0 1304.3
t˜1 696.15 660.83 528.37
t˜2 959.18 983.66 1059.9
τ˜1 350.10 350.10 350.10
τ˜2 363.35 364.99 370.03
χ˜01 350.00 350.00 350.00
χ˜02 468.58 471.30 471.37
χ˜03 547.60 558.78 559.13
χ˜04 553.96 561.55 562.02
χ˜05 1013.7 1014.1 1014.1
Ωχ˜01
h2 0.12684 0.12672 0.12489
σSI[cm
2] 1.8983× 10−45 3.1914× 10−45 1.7546× 10−45
δaµ 1.0707× 10−10(> 3σ) 1.1346× 10−10(> 3σ) 1.3675× 10−10(> 3σ)
Br(B0s → µ+µ−) 3.5373× 10−9(1σ) 3.5374× 10−9(1σ) 3.5365× 10−9(1σ)
Br(b→ sγ) 3.2030× 10−4(2σ) 3.1658× 10−4(2σ) 3.0507× 10−4(2σ)
GLτ/cτ 0.0012549 0.0013068 0.0012826
GRτ/cτ 0.030877 0.029833 0.029090
GLe/ce 0.0026200 0.0025373 0.0024746
GRe/ce 0.029853 0.028910 0.028196
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FIG. 6: The left panels show the slepton lifetime τl˜ (red-solid line; “slepton lifetime”), the timescales of the internal conversion
processes (14a) (blue-solid line; “7Be→7Li”), (14b) (blue-dash-dotted line; “7Li→7He”), the 4He spallation processes (16a)
(brown-solid line; “tn”), (16b) (brown-dashed line; “dnn”), and (16c) (brown-dash-dotted line; “pnnn”), as a function of the
mass difference between the slepton and the neutralino at SL-1 (top panel) and SL-2 (bottom panel). We also show the timescale
of the catalyzed fusion (15) at the temperature T = 5 keV (5× 104 s) when (4He l˜−) is formed as horizontal black-dashed line.
In the shaded regions, Eq. (17) is not satisfied. The right panels show the allowed regions from observational light element
abundances on δm-Yl˜− plane at SL-1 (top panel) and SL-2 (bottom panel). The regions surrounded by magenta-dotted(-solid)
lines are allowed by observed 7Li/H abundance at 2σ(3σ). The regions between the blue-solid line and the blue region are
allowed by observed 6Li/7Li abundance at 2σ. The orange-solid lines (“Theoretical”) represent the yield value of the slepton
when the BBN starts as a function of the mass difference. The colored regions are excluded for 6Li/7Li (blue region; “6Li/7Li
excluded”), 3He/D (red region; “3He/D excluded”), and D/H (cyan region; “D/H excluded”), respectively. The shadowed and
dotted regions are allowed by only 7Li/H (3σ) and both 7Li/H (3σ) and 6Li/7Li (2σ), respectively.
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FIG. 6: The results at SL-3 (top panels) and SL-4 (bottom panels) are shown. The meanings of the lines and regions are same
as those in the previous page.
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C. Bino-like neutralino LSP; large λ-κ region with
small tanβ
We finally show the results in the third case where the
neutralino LSP is bino-like with relatively large λ, κ and
small tanβ. In this case, the first term is dominant in the
couplings Eqs. (8) and (9), and they hardly depend on the
parameters, λ, κ, tanβ, µeff ,M1, and M2, since N
2
1B˜
'
1. Therefore, we do not have to check the dependence
on these parameters of the slepton lifetime and relevant
timescales of the exotic BBN reactions (14) and (16) since
they also do not depend on these parameters.
1. Benchmark points
We take four reference points in the favored region for
tanβ = 2 as shown in Table V. Table VI shows the spec-
tra and observables at these points. All the dimensionful
values are represented in GeV. The top rows show input
parameters and the middle rows show output spectra.
Every points give the observed Higgs mass. As in the
results of Sec. IV B, observed Higgs mass is obtained by
virtue of large contribution of the tree terms. In this
respect, the result is completely different from the case
with bino-like neutralino in the MSSM, where the 1-loop
contribution lifts up the Higgs mass.
In the bottom rows, we show relic density of the light-
est neutralino, spin-independent cross section between
the lightest neutralino and nucleon, the SUSY contribu-
tion to the muon anomalous magnetic moment, and the
branching ratios of rare decays Bs → µ+µ− and b→ sγ,
from top to bottom. At each point, the dark matter relic
density is in range of the measured value [4]. The spin-
independent cross sections are about one order of magni-
tude smaller than those at points we chose in the previous
section, and below the present experimental bound. The
calculated values of δaµ at the points are below 3σ range
which is caused by small tanβ. For the branching ratio of
Bs → µ+µ− and b → sγ, we obtained the values within
1σ and 2σ, respectively.
2. BBN results at the benchmark points
The left panels in Fig. 7 show the slepton lifetime
τl˜ (red-solid line; “slepton lifetime”), the timescales
of the internal conversion processes (14a) (blue-
solid line; “7Be→7Li”), (14b) (blue-dash-dotted line;
“7Li→7He”), the 4He spallation processes (16a) (brown-
solid line; “tn”), (16b) (brown-dashed line; “dnn”), and
(16c) (brown-dash-dotted line; “pnnn”), as a function of
the mass difference between the slepton NLSP and the
neutralino LSP at BL-1, BL-2, BL-3, and BL-4 from top
to bottom, respectively. The horizontal black-dashed line
represents the timescale of the catalyzed fusion process
(15) [19] at the temperature T = 5 keV (5× 104 s) when
(4He l˜−) is formed. In the right panels horizontal axis is
the mass difference between the slepton NLSP and the
neutralino LSP, and vertical axis is the yield value of the
slepton at the beginning of the BBN.
We show the allowed regions in the right panels of
Fig. 7 which we obtain by comparing theoretical values to
observational ones for light element abundances at BL-1,
BL-2, BL-3, and BL-4 from top to bottom, respectively.
The lines and regions are the same as those in the previ-
ous section. At BL-1, BL-2, and BL-3, we obtain allowed
region only for 7Li/H (3σ) while at BL-4, that for 6Li/7Li
(2σ) is also obtained simultaneously.
At BL-2 and BL-3, κ and λ are small compared with
those at BL-1, respectively. As was mentioned in the be-
ginning of this section, the slepton lifetime and timescales
of the internal conversion processes (14) and the 4He
spallation processes (16) hardly depend on the NMSSM
parameters. This is the reason why almost no differ-
ence exists among the results at BL-1, BL-2, and BL-3.
The couplings GLf and GRf are large compared with
those in the singlino-like LSP scenario, and hence the
timescales of the internal conversion processes (14) and
the 4He spallation processes (16) are one or two order
of magnitude shorter than those in the singlino-like LSP
scenario. Therefore, the observed abundance of 7Li/H is
obtained in smaller slepton yield value compared with the
singlino-like LSP scenarios, Fig. 3 and 6. In addition, the
excluded regions by 3He/D and D/H lie downward com-
pared to those of the singlino-LSP scenario (e.g., compare
the results at SL-2 and BL-1). Indeed, the results at BL-
1, BL-2, and BL-3 are almost same as the result in the
MSSM, Fig. 3 in Ref. [10], where the same values for
ce,mχ˜01 , sin θf and CP-violating phase are used.
Only at BL-4, tiny flavor mixing exists. This result is
similar to that in the MSSM, Fig. 4 (middle panel) in
Ref. [11], where same values for ce,mχ˜01 , sin θf and CP-
violating phase are used.
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TABLE V: Benchmark points on λ-κ plane for tanβ = 2.
Parameters BL-1 BL-2 BL-3 BL-4
ce 0 0 0 5× 10−11
λ 0.68 0.68 0.6 0.68
κ 0.32 0.2 0.32 0.32
TABLE VI: Spectra and observables at each point (see Tab. V). All the dimensionful values are shown in GeV. The top rows
show input parameters. BL-1 and BL-4 give common results since we omit small flavor mixing of the slepton. The middle rows
show output spectra. The bottom rows show relic density of the lightest neutralino, spin-independent cross section between the
lightest neutralino and nucleon, the SUSY contribution to the muon anomalous magnetic moment, and the branching ratios of
rare decays Bs → µ+µ− and b→ sγ, and couplings Eqs. (8) and (9) from top to bottom.
Input BL-1, BL-4 BL-2 BL-3
M2 713.36 713.25 712.97
At −1500.0 −1500.0 −1500.0
mL˜3 359.32 359.32 359.32
mE˜3 354.76 354.76 354.76
mQ˜3 1000.0 1000.0 1000.0
λ 0.6800 0.6800 0.6000
κ 0.3200 0.2000 0.3200
Aλ 1000.0 1480.0 1500.0
Aκ −100.00 −100.00 −100.00
µeff 900.00 900.00 900.00
tanβ 2.0000 2.0000 2.0000
Output
h01 125.23 126.51 124.35
h02 844.57 552.89 960.06
h03 1793.5 1983.6 2115.8
a01 372.60 289.22 379.68
a02 1792.3 1983.7 2114.5
H± 1783.8 1974.3 2108.5
t˜1 853.37 853.41 853.51
t˜2 1132.1 1132.1 1132.2
τ˜1 350.10 350.10 350.10
τ˜2 367.13 367.13 367.13
χ˜01 350.00 350.00 350.00
χ˜02 696.36 534.28 697.51
χ˜03 842.69 699.36 906.34
χ˜04 908.00 909.78 914.24
χ˜05 944.68 934.66 984.08
Ωχ˜01
h2 0.11956 0.11964 0.11968
σSI[cm
2] 3.6870× 10−46 3.7874× 10−46 3.7116× 10−46
δaµ 1.3398× 10−10(> 3σ) 1.3370× 10−10(> 3σ) 1.3296× 10−10(> 3σ)
Br(B0s → µ+µ−) 3.5381× 10−9(1σ) 3.5382× 10−9(1σ) 3.5383× 10−9(1σ)
Br(b→ sγ) 3.1907× 10−4(2σ) 3.1754× 10−4(2σ) 3.1668× 10−4(2σ)
GLτ/cτ 0.15080 0.15080 0.15076
GRτ/cτ 0.40310 0.40310 0.40313
GLe/ce 0.15108 0.15108 0.15108
GRe/ce 0.40289 0.40289 0.40289
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FIG. 7: The left panels show the slepton lifetime τl˜ (red-solid line; “slepton lifetime”), the timescales of the internal conversion
processes, Eqs. (14a) (blue-solid line; “7Be→7Li”) and (14b) (blue-dash-dotted line; “7Li→7He”), the 4He spallation processes,
Eqs. (16a) (brown-solid line; “tn”), (16b) (brown-dashed line; “dnn”), and (16c) (brown-dash-dotted line; “pnnn”), as a function
of the mass difference between the slepton and the neutralino at BL-1 (top panel) and BL-2 (bottom panel). We also show
the timescale of the catalyzed fusion (15) at the temperature T = 5 keV (5 × 104 s) when (4He l˜−) is formed as horizontal
black-dashed line. In the shaded regions, Eq. (17) is not satisfied. The right panels show the allowed regions from observational
light element abundances on δm-Yl˜− plane at BL-1 (top panel) and BL-2 (bottom panel). The regions surrounded by magenta-
dotted(-solid) lines are allowed by observed 7Li/H abundance at 2σ(3σ). The regions between the blue-solid line and the blue
region are allowed by observed 6Li/7Li abundance at 2σ. The orange-solid lines (“Theoretical”) represent the yield value of
the slepton when the BBN starts as a function of the mass difference. The colored regions are excluded for 6Li/7Li (blue
region; “6Li/7Li excluded”), 3He/D (red region; “3He/D excluded”), and D/H (cyan region; “D/H excluded”), respectively.
The shadowed and dotted regions are allowed by only 7Li/H (3σ) and both 7Li/H (3σ) and 6Li/7Li (2σ), respectively.
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V. SUMMARY
The precise observations of the universe confirmed the
presence of dark matter and raised a crucial question on
its nature. Another possible problem is the discrepancy
of the abundance of 7Li and 6Li. Models are attractive
when they can account for these problems and at the
same time are consistent with the observed mass of Higgs
particle. We demonstrated that the NMSSM can be a
candidate for such models.
We specifically considered the case where the neu-
tralino is the stable LSP and the lightest slepton is the
NLSP, and where the mass difference of the two is so
tiny that the slepton becomes long-lived enough to sur-
vive until the time of the nucleosynthesis in the early
universe. The sleptons interact with the synthesized nu-
clei and turn into the LSPs that stay until today as dark
matter particles, altering the relic abundance of the light
elements.
First, we searched for the benchmark sets of parame-
ters that can successfully drive this scenario and simulta-
neously can reproduce the mass of Higgs particle within
(125.6 ± 3.0) GeV. Three cases of benchmark parame-
ters are presented: (a) Singlino-like neutralino, small λ-κ
with large tanβ; (b) Singlino-like neutralino, large λ-κ
with small tanβ; and (c) Bino-like neutralino, large λ-κ
with small tanβ. We found the successful benchmark
values of (ce, λ, κ) in all the three cases. We confirmed
that they lead to the permissible abundance of dark mat-
ter and are consistent with other experimental bounds as
presented in Tables II, IV, and VI.
We then traced the BBN reaction network including
the exotic nuclear reactions. We employed Yl˜− (slepton
yield value)-δm (LSP-NLSP mass difference) parameter
plane to present the regions of parameters that can ac-
count for the observed abundance of light elements.
The results are illustrated in terms of timescales for
the relevant exotic BBN reactions as follows. The slep-
ton needs to be long-lived enough to form the bound
state with 7Be, while the couplings GL,Rτ should be large
enough so that the internal conversion processes occur
sufficiently. The slepton lifetime is thus subject to the
lower bound. Meanwhile, the bound state of (4He l˜−)
accompanies other two relevant processes: one is the 4He
spallation, and the other is the catalyzed fusion. These
processes can readily overproduce the light elements and
should be avoided, but suitable amount of 6Li production
is favorable in order to account for its observed abun-
dance. Of the two, the 4He spallation generally proceeds
more efficiently and is prone to overproduction, but it
can be avoided when the slepton has not too long life-
time and less of it forms a bound state with 4He. In ad-
dition, such lifetime can induce appropriate abundance
of 6Li via catalyzed fusion as its observed abundance is
tiny as explained around Eq. (32). Upper bound on the
slepton lifetime is thus brought in. Combining the above
arguments, we obtain an allowed window of the slepton
lifetime.
In the case of (a) (Fig. 3), the specific relation between
λ and κ is necessary to make the couplings GL,Rτ large
and thus to reduce 7Be by the internal conversion pro-
cesses. Indeed, we tune the parameters λ and κ to make
µ2κ − µ2eff small and hence GL,Rτ large at SS-1. We still
need a sizable flavor mixing, ce, in order to render the
slepton lifetime short and thereby reduce the number of
(4He l˜−). Thus we obtain the allowed region at SS-1.
On the contrary, the flavor mixing ce is small at SS-2
and hence the slepton lifetime becomes longer. Allowed
region is thus shifted toward larger δm. The values of
GL,R become rapidly small outside the tuned parameter
region of λ and κ so that the allowed region becomes
small (SS-4). In the case of (b) (Fig. 6), the values of
GL,R are large due to large λ and κ, and thus the inter-
nal conversion processes occur efficiently. Suitable flavor
mixings are also necessary as in the case of (a) to avoid
the excessive amount of (4He l˜−). Otherwise, we may
miss the allowed region (SL-2). In the case of (c) (Fig. 7),
the couplings GL,Rτ hardly depend on λ and κ, and thus
the results are same as in the case of the MSSM.
We conclude that our scenario successfully works in the
NMSSM and can simultaneously account for the abun-
dance of dark matter, that of light elements, and the mass
of Higgs particle. Since all the three cases we consid-
ered here are consistent to the present phenomenological
bounds, they should be distinguished through the char-
acteristic signals of accelerator experiments. Search for
such signals are left for future works.
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